Following the introduction by Gibbon (1937) of a practical method of extracorporeal circulation, many other machines have been developed capable of pumping and oxygenating blood. The mode of oxygenation has varied from machine to machine, but the circulation of the blood, with a few exceptions, has been carried out by some form of "tube" pump, because they are easy to sterilize. In such pumps pressure is applied externally to flexible tubing by rollers, mechanical fingers, or plattens in a sequential manner, thus ensuring a unidirectional flow without the use of valves. The output can be varied by altering the rate or degree of compression of the tubing. When run in the non-occlusive position, i.e., the walls of the tubing not in apposition, these pumps cause little haemolysis; but under these circumstances, their efficiency decreases and the output becomes dependent upon peripheral resistance.
This investigation was undertaken to compare the properties of other types of pumps, with special regard to the destruction of red blood corpuscles, ease of control of flow rate, simplicity of sterilization, and suitability for clinical practice. With this in mind, a preliminary survey was made of commercial industrial pumps having an output of up to 5 litres per minute. Seven were chosen for trial, the selection being made as representative as possible of the five basic pumping mechanisms. These mechanisms can be classified as follows (Fig. 1) .
TYPES OF PUMP A. "TUBE."-The "tube " has been already described.
B. HIGH SPEED CENTRIFUGAL.-The liquid enters at the centre of a vaned rotor and is driven by centrifugal force to an exit at the periphery. This type is usually designed to give a constant output and there are no valves.
C. Low SPEED IMPELLOR.-Similar to the centrifugal pump, but the inlet and outlet are mounted at the periphery. There are no valves and the flow is controlled by the speed of the rotation of the paddle.
D. RECIPROCATING. The volume of a chamber is increased and decreased either by a piston or by a flexible diaphragm moving in and out. The flow, which is pulsatile, is controlled by alterations in the rate or length of the stroke. In this type of pump valves are essential.
E. ARCHIMEDEAN ScREw.-This classical design is best visualized from the diagram (Fig. 1 E) . There are no valves and the flow rate is dependent upon the speed of the rotation of the screw.
METHOD
Fresh ox blood from the abattoir was collected into a 2-litre polythene flask containing 600 ml. of 3.8% sodium citrate. The pump under test was connected to a standard circuit consisting of a reservoir, pump, air bottle (to even out the intermittent flow of reciprocating pumps), flowmeter (rotameter metric series 14), manometer, and return tubing to the reservoir (Fig. 2) . The peripheral resistance was kept at 100 mm. Hg by a screw clip placed across the return tubing.
The circuit was first filled with normal saline and the pump output adjusted to the required flow rate. The saline was then drained off, the circuit primed with 750 ml. of the blood, and the pressure and flow rates checked. Ten-millilitre samples of blood were taken at 0, 5, 15, 30, 45, and 60 minutes. At the end of the run the circuit was drained and cleaned by flushing with water, the pump disconnected and a previously checked pump substituted. The procedure was then repeated, using a further 750 ml. of the blood. By comparing pumps in this manner any variation in the mechanical fragility of the blood was eliminated. All tests were carried out at room temperature.
The haemolysis rate was calculated by the rise in level of plasma haemoglobin, as measured by Dacie's (1954) modification of Bing and Baker's method. Platelet counts were estimated using the direct method of Oettle and Spriggs (1951) , and platelet function assessed from the change in thromboplastin generation time (Biggs and Douglas, 1953) . Changes in the plasma protein fraction of the blood were investigated by electrophoresis (Flynn and de Mayo, 1951 (Fig. 3) . A study of Table I shows that the rise in plasma haemoglobin varied from 12.4 to 69.3 mg.% per hour with pumps running at 1 litre per minute. Set out graphically (Fig. 4) the same for each pump (Table IV) , which suggests that turbulence is not a major factor in red cell destruction.
Using the criterion of haemolysis per circuit, all pumps can be compared irrespective of their flow rate (Table V) . From this Table and Fig. 4 (the increases in plasma haemoglobin for the Stewart Turner and Girdlestone pumps shown in Fig. 4 were calculated from the measured haemolysis per circuit as they could not be run at low flow rates), it will be seen that the tube pump, Of those pumps with low breakdown rates, the Candy and the Mono were considered suitable for further trial for the following reasons. They were both metering pumps, i.e., they delivered a fixed volume directly related to speed or stroke, irrespective of the peripheral resistance. They could, with slight modifications, be sterilized by autoclaving, and they were of a suitable size and weight for any heart-lung machine likely to be used in an operating theatre. They were, therefore, investigated for effects on platelet and protein disturbance. These disturbances were minimal, the platelet reduction of 8% per hour being within acceptable limits and the fact that the thromboplastin generation time did not alter was an indication that the remaining platelets were functioning efficiently at the end of one hour's -run. The electrophoretic pattern remained unchanged throughout with either pump, showing that there was no significant alteration in the plasma proteins.
From this investigation both the Candy and Mono pumps would seem to be suitable for incorporation in a heart-lung machine, being more efficient, particularly in terms of damage to blood, than the commonly used tube pump. Their only individual difference is in flow pattern. The Candy has a pulsatile flow which closely mimics the action of the normal heart, as not only can the "pulse rate " be altered but also the "pulse volume." The Mono gives a continuous flow. No attempt has been made to study the relative merits of such differences in flow patterns. SUMMARY A comparison has been made of a number of types of industrial pumps which might have application for extracorporeal circulation in man.
The rate of red cell destruction, platelet, and plasma protein changes have been measured under standard conditions. Two types of pumps, namely, reciprocating and screw, were found to be superior to the commonly used tube variety and, with slight modifications, would merit trial for extracorporeal circulation in man.
